ABSTRACT. Plants are attractive vaccine production and oral delivery systems. Cereals are excellent candidate for edible vaccines, which can express and store high levels of proteins for extended periods of time without degradation. In this study, we produced a 14-kDa protective surface antigen of Ascaris suum L3 larvae and its fusion chimera with a mucosal carrier molecule cholera toxin B subunit (CTB) in rice (Oryza sativa L.) under the control of the endosperm-specific glutelin-B promoter. We found that the recombinant protein expression levels reached 1.5 g per seed, a comparably high amount as compared to previously reported transgenic rice expression experiments. Potentials of transgenic rice plants as a source of oral vaccines against swine roundworm are discussed.
Currently, the majority of vaccines licensed for use in humans and animals are administered parenterally. However, since most of the pathogens initially contact with the host at mucosal surfaces such as the respiratory, gastrointestinal, and urogenital tracts, vaccines are expected to induce protective immunity at these mucosal surfaces for providing the local first lines of defense [15] . In addition, mucosally administered vaccines have immunological potentials to induce humoral and cell-mediated immunities at the systemic level. This unique immunological feature of mucosal vaccines together with their needle-less, noninvasive immunization approach has attracted considerable interests of researchers. Plant-based edible vaccines have also attracted the attention of many investigators in vaccine research; these vaccines possess essentially all the attractive features of mucosal vaccines, along with other characteristics unique to plant expression systems, for example, no requirement for fermentation and protein purification processes. Plants can be grown economically in large quantities under the sunlight as the energy source, and indigenous agricultural technologies can be used for vaccine harvest [19] . The edible vaccines should be particularly suited for use in farm animals destined for meat markets, because the carcass quality may be compromised by repeated injections; therefore, in such cases, oral vaccines can prove to be useful since that kind of problems can be overcome [9] .
In recent years, successful expression of the antigens in plants and oral immunization have been reported for antigens obtained from various infectious pathogens such as Escherichia coli, hepatitis B virus, Norwalk virus, and Vibrio cholerae [reviewed in 13, 19] . However, many of these studies encountered a similar problem of low foreign protein expression level. Therefore, considerable research efforts have been made to increase the amount of recombinant protein produced in plants [17] . Cereal crops such as wheat, maize, and rice may provide solutions to this critically important problem. When compared to leafy crops such as tobacco and alfalfa, these cereal crops can accumulate subunit vaccine components at higher levels in a stable manner without degradation at room temperature for more than one year [7] . Vaccine production in rice seeds in particular has many advantages such as high expression levels, large biomass, low production costs, and minimal risk of outcrossing [3, 16] . In addition, rice is cultivated in large farms dependent on demand, especially in developing countries. Glutelin is a major seed storage protein of rice accounting for about 80% of the total seed protein. Many recombinant foreign proteins such as soybean glycinin, ferritin or the Japanese cedar pollen allergens have been highly and efficiently produced in rice grains using glutelin promoter [4, 6, 22] .
Ascaris suum is one of the most prevalent swine helminthes and is endemic in many parts of the world [2] . No vaccines are available for prevention of A. suum infections, and the chemotherapeutic intervention of established infections would eventually fail to reduce the overall prevalence of the disease. Its infection is established by oral intake of the infective third-stage larvae (L3) after their development A protective antigen of roundworm Ascaris suum, As14, and its chimera with cholera toxin B subunit produced in transgenic rice plants. * from embryonated eggs. As14 is the 14-kDa protective surface antigen of A. suum, which is expressed throughout the entire larvae migration period in the host [23] . In the present study, genes encoding As14 and its fusion protein with a mucosal carrier, cholera toxin B subunit (CTB), were introduced into rice genome, and expressed in the seed endosperm under the control of the glutelin GluB-1 promoter. A binary vector, pGTV-35SHPT [14] , and a shuttle vector, p2.3kbp-GluB1 promoter-GluBsig-CTB(-sig)-pT7blue, harboring a 2.3-kb Glutelin-B1 promoter, codon-optimized CTB coding gene [13] , and 0.6 kb GluB-1 gene terminator [22] , were used to construct pGTVGluB1As14 and pGTVGluB1CTBAs14 (Fig. 1) . Approximately 600 embryonic calli generated from Rice plants (Oryza sativa L. cv. Kitaake, an early heading variety) were infected with A. tumefaciens EHA105 carrying either As14 or CTB-As14 fusion gene expression plasmid according to the Agrobacterium-mediated transformation method as described previously with slight modifications [4] . Briefly, 5-week-old calli derived from a sterile rice seed were incubated with the transformed A. tumefaciens for 3 days. The treated calli were continuously cultured for 4 weeks in N6 selection medium to induce shoot formation, followed by incubation in MS regeneration medium containing hygromycin to induce root formation. Regenerated plantlets were transplanted to a greenhouse for maturation. Twenty-nine and 26 hygromycin-resistant plants, respectively, were regenerated; the transformation efficiency of As14 and CTB-AS14 was estimated to be 4.8% and 4.3%, respectively ( Table 1) . The transformed plants were analyzed for the presence of the transgenes in their genomic DNA isolated from leaf tissues by polymerase chain reaction (PCR) using specific primer pairs; 5'-ggggatcccaaggacctcaaggaccacca-3' and 5'-ccccgagctctcaaagctcatctttctca ctagtgccttgcatctcttt-3'. Fresh young leaf tissues were grinded to fine powder with MultiBeads Shocker (Yasui Kikai, Osaka, Japan), and genomic DNA was extracted by the phenol-chloroform extraction method [12] . Screening by genomic PCR was performed by rTaq (Takara Bio, Shiga, Japan) using 0.02 ng/l of rice genomic DNA as the template. The transgenes were detected in all hygromycin-resistant As14 plants (100%) and in 25 of 26 hygromycin-resistant As14-CTB plants (96%), respectively (Fig. 2a, b) .
Next, to analyze mRNA levels of the integrated genes, total RNA isolated from 6 immature seeds of independent transgenic lines during 7 and 14 days after flowering (DAF) was analyzed by Northern blotting using the specific probe to As14 (Fig. 2c, d ). Total RNA was isolated from trans- genic seeds as described previously [20] . Ten micrograms of total RNA was electrophoresed in a 1% (w/v) formaldehyde-containing agarose gel and then blotted onto a charged nylon membrane (Bright Star-Plus membrane; Ambion, Austin, TX, U.S.A.). The membrane was hybridized with 1 ng/ml biotin-labeled random-primed DNA probe synthesized from the 439-bp fragment of As14; this probe was denatured at 90C for 10 min before use. The membrane was washed and exposed to a radiographic film (Kodak XOmat). Northern hybridization analysis was carried out using a Northern Max kit (Ambion) according to the manufacturer's instructions. As14-transformed plants exhibited strong As14 mRNA signals, while CTB-As14-transformed plants showed weak CTB-As14 mRNA signals.
To determine whether the transgenic rice plants produced As14 and CTB-As14 fusion proteins, total soluble proteins isolated from 6 matured seeds of independent transgenic lines in which transcription of inserted genes were detected (lines 1-6 of the As14-transformed plants and lines 7-9 and 24 of the CTB-As14-transformed plants) were subjected to western blot analysis by using As14-specific antiserum (Fig.  3) . Total soluble protein was extracted using an extraction buffer (20 mM Tris-HCl (pH 6.8), 8 M urea, 4% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 0.5% (w/v) bromophenol blue, and 20% (w/v) glycerol). The separated proteins were transferred to a 0.45-m nitrocellulose membrane (Immobilon-P; Millipore, Billerica, MA, U.S.A.) and blocked by 3% skim milk in PBS. The membranes were treated with anti-As14 antibody (1:200) or anti-CTB antibody (1:5000), followed by incubation with horseradish peroxidase-conjugated antimouse IgG (1:5,000). The membrane was developed with ECL Western blotting detection reagents (Amersham Biosciences, Tokyo, Japan) for 1 min at room temperature, and the fluorescence was detected by exposing the membrane to a radiographic film. Recombinant proteins with expected molecular masses (16 and 32 kDa for As14 and CTB-As14, respectively) were detected from all the individual lines examined (Fig. 3a, b) . However, the production levels of seeds within each individual line were significantly varied (Fig. 3a, b ). This might due to the fact that the production levels of the recombinant proteins in individual seeds from a transgenic rice plants are influenced by the inserted gene copy number and position effect of insertion. When the production level of the recombinant protein among each line by comparing to the level of bacterial As14 as positive control (Fig. 3a, lane P) , As14-transformed rice seeds showed both higher (Fig. 3a, lane 1-6 , 2-5, 6-2) or lower (Fig. 3a, lane  3-3, 4-2) production. Similarly, CTB-As14-transformed rice seeds showed both higher (Fig. 3b, lane 7-2) or lower (Fig. 3b, lane 9-5 ) production compared to positive control ( Fig. 3 b, lane P) . These results indicated that there was not significant difference in the production levels between As14-and CTB-As14-transformed rice seeds. The amount of the As14 protein produced in selected seeds with the highest production level was estimated by densitometry analysis by comparison with the signal intensities obtained from the known amounts of purified bacterial As14-His-tag fusion protein standard (Fig. 3c) . The maximum expression level of As14 was found to be 1.5 g/grain (Fig. 3c, lane 7) .
In this study, we generated transgenic rice seeds containing a vaccine candidate antigen, As14, against swine roundworm A. suum and its fusion protein with a mucosal carrier, CTB. The mRNA level of the CTB-As14 was significantly low as compared to that of As14 alone (Fig. 2c, d ). Maturation of seeds in an ear of rice plants do not occur simultaneously, initiating from top of the ear to bottom. As described previously, mRNA levels of the glutelin gene under the control of the GluB-1 promoter increased from 6 to 16 DAF, reached a plateau at 16 DAF, and then gradually decreased at 22 DAF [24] . Thus, in the present study, seedsampling for mRNA detection was performed during 7 and 14 DAF when the seeds on the top side hung down. Since the periods from flowering to hanging down of the ear top were slightly different between As14-and CTB-As14-transformed plants, As14 seeds were harvested a week faster than CTB-As14 seeds. Considering together with the result that the production levels were not different in As14 and CTBAs14, difference in the levels of the mRNA in As14 and CTB-As14-transformed plants seemed to be due to the timing of harvest.
Transgenic rice seeds accumulated recombinant profeins at the level of 1.5 g/grain, indicating that approximately 50-75 g of the vaccine antigen could be orally delivered by feeding 1 g of seeds; this expression level was relatively high as compared to those reported in other plant expression systems (see review by Streatfield and Howard [19] ). Other investigators reported that when swine transmissible gastroenteritis virus (TGEV) antigen was expressed in transgenic maize, it was shown to be accumulated at levels of 40 g/g fresh weight and the transgenic maize grains was shown to be efficacious in partially preventing viral infection after the host animals, i.e., pigs, were fed with them [8, 9, 18] . Another study has reported that transgenic rice seed containing approximately 60 g/grain of T cell epitope peptide composed of seven major human T cell epitopes derived from the Japanese cedar pollen allergen Cry j 1 and Cry j 2 was efficacious in preventing allergic responses in an experimental animal model [22] . Based on these previous reports, we think that the antigen level accumulated in transgenic rice seed generated in our study should be theoretically sufficient to induce protective immunity in host animals by feeding with the transgenic seeds. CTB is well known as one of the most effective mucosal carrier molecule for polypeptides to which it is chemically or genetically conjugated for the induction of mucosal and systemic immunity [11] . The mechanism of action of CTB as a mucosal immunomodulatory molecule is almost solely due to its ability to bind to the natural cell surface receptor GM1 ganglioside on mammalian epithelial cells lining the mucosa, including M cells; this facilitates the uptake of foreign antigens into the mucosal immune induction site. Many studies have demonstrated that CTB induces both mucosal and systemic immunity after oral or nasal immunizations [5] , indicating that the application of this molecule in edible vaccine production should greatly improve the efficacy [1, 10, 13] . Chemical or genetic conjugation of antigens with CTB seems to be critical for the enhancement of immune responses against conjugated antigens; this is explained by the evidence showing that a simple mixing of recombinant CTB with an antigen is very ineffective. This feature of CTB is in complete contrast with that of its holotoxin (cholera toxin), which is almost equally effective for augmentation of host immune responses to antigens, regardless of its physical association with the antigens. Formerly, the purified form of CTB molecule, i.e., choleragenoid, had been believed to be safe and effective similarly to its holotoxin; however, recent studies have revealed that the observed immune enhancement against admixed antigens is due to the presence of slightly contaminating holotoxin, not due to the presence of CTB. Therefore, we and other investigators adopted a strategy to genetically conjugate vaccine antigens with CTB and express the antigens as a pentameric fusion protein in relatively large quantities in plant tissues. We obtained evidence in our study that the CTB-As14 fusion protein produced in transgenic rice seeds is in the pentameric form (data not shown).
In conclusion, we succeeded in the production of a candidate protein for rice plant-based edible vaccines against the important nematode A. suum. In the future, oral immunization studies should be carried out to evaluate the efficacy. It has been known that codon optimization is a critical component for enhancing expression [13, 21] . In the next step, codon-optimization of As14 gene to frequently used codons in rice seed storage protein genes would increase the production level of the fusion protein.
